The purpose of this study is to improve understanding of whistle noise generation mechanism in mufflers with perforated pipes. First, we measured sound pressure of whistle noise radiating from a straight-through-type sub-muffler with a perforated pipe with steady flow. Results show that the frequency of predominant whistle noise became higher stepwisely with increasing the flow velocity and was higher with smaller hole diameter. Next, we measured the sound pressure of whistle noise radiating from an expansion-cavity-type main muffler with a perforated pipe. Predominant Strouhal number based on the hole diameter and flow velocity existed within a certain range while the hole diameter and flow velocity were varied. The frequency of predominant flow velocity fluctuation near holes of the perforated pipe was close to the frequency of predominant whistle noise.Under the same hole diameter and flow velocity condition, the straight-through-type muffler tended to generate whistle noise more than the expansion-cavity-type muffler. Comparison with experiments without the outer shell or an open window in the outer shell also show that the outer shell of muffler enhanced the whistle noise generation.
INTRODUCTION
Exhaust systems consist of some structure elements to reduce exhaust noise, such as expansion, resonance and absorption. There have been many studies on mufflers. For example, Kojima et al. [1] reported the influence of cavity length and inlet shape of cavity to flow-induced noise for a simple cavity type muffler. Hirata et al. [2] reported the sound attenuation characteristics of Helmholtz resonator in a resonance type muffler with flow, and Esaki [3] reported influence of neck length and diameter to sound attenuation characteristics of Helmholtz resonator in a one-dimensional duct with standing wave. Many mufflers employ perforated pipes. Lee et al. [4] reported the influence of the hole array for straight-through-type mufflers with perforated pipe. Whistle noise is generated under certain conditions in the muffler with perforated pipe. Kojima et al. [1] reported the correlation between whistle noise generated at perforated pipe and flow velocity fluctuation near holes in the last row of the perforated pipe. In straight-through-type mufflers with perforated pipe, whistle noise is mitigated by covering holes with sound absorbing material, but the countermeasure is not clearly for insertion-expansion-cavity-type mufflers with inlet and outlet pipe.
The purpose of this study is to improve understanding of whistle noise generation mechanism in mufflers with perforated pipes. First, we measured sound pressure of whistle noise radiating from a straight-through-type sub-muffler with a perforated pipe with steady flow. Next, we measured the sound pressure of whistle noise radiating from an expansion-cavity-type main muffler with a perforated pipe.
EXPERIMENTAL APPARATUS AND METHOD

Experimental Apparatus and Method
This study investigated the effect of the hole diameter of the perforated pipe and muffler type. Table 1 summarizes specifications of the perforated pipes of mufflers. Figure 1 shows schematics of mufflers. As shown in Fig. 1, d indicates the hole diameter in the perforated pipe. We also conducted the experiment using only the inner pipe to investigate the effect of outer shell. The same inner pipe as in Sub-muffler A was used. In order to investigate the effect of outer shell in noise generation from the main muffler, we measured the sound pressure with a part of outer shell opened, too.
The muffler shown in Fig. 1 (c) is to simulate Sub-muffler A shown in Fig. 1 (a) . The inner pipe is covered by an acrylic outer shell.
First, we supplied the air to the muffler, and measured sound pressure radiated from the muffler. The radiated sound pressure was measured by a precision sound level meter in 45 deg. direction at 500 mm away from the exit of the muffler. The signal from the sound level meter was converted into digital signal by an A/D converter. FFT operation was employed in the signal processing using a personal computer. The sampling frequency was 100 kHz and the number of the data of the time step was 100,000 points. We varied the average flow velocity in the perforated pipe U from U=10 m/s to 120 m/s at 1 m/s interval for the sub-mufflers, and from U=10 to 80 m/s at 1 m/s interval for the main muffler.
Next, we measured flow velocity fluctuation near holes of the perforated pipe by using a simulated sub-muffler shown in Fig 1 (c) . A hot-wire anemometer was inserted from a small hole on the outer shell to measure flow velocity fluctuation near each hole of the perforated inner pipe. The distance between each hole and the tip of the probe was 1 mm in perpendicular direction to the inner pipe axis.
RESULTS AND DISCUSSION
Characteristics of Whistle Noise Generation
The noise measurement experiment was conducted with steady flow by using sub-mufflers and main muffler . Figure 2 shows typical frequency characteristics of noise when the whistle noise was generated for each muffler. A sharp peak of sound pressure level (SPL) appears at a specific frequency, and this shows whistle noise generation. Figure 3 shows the variations of noise characteristics with the average flow velocity in the perforated pipe U. As can be seen in Figs. 3(a)-3(c) , the predominant whistle noise was generated for the flow velocity higher than about 30 m/s, and the frequency of predominant whistle noise became higher stepwisely with increasing of the flow velocity. Moreover, the frequency of whistle noise was higher with smaller hole diameter. As shown in Fig. 3(d) , the whistle noise in the main muffler was generated only around U=36 m/s within the flow velocity range up to 80 m/s. The sound pressure level of whistle noise was smaller than that of Sub-muffler A, which has the same hole diameter d.
Equation (1) shows the Strouhal number which is nondimensionalized frequency of noise by the hole diameter of perforated pipe d and the average flow velocity U.
U fd St
(1) Figure 4 shows the Strouhal number St converted from the frequency in Fig. 3 by Eq. (1). As shown in Fig. 4 , the predominant Strouhal number varies in a saw-like manner with flow velocity. It ranges from 0.2 to 0.4, and therefore, a periodic fluctuation could be generated at holes of the perforated pipe depending on the flow velocity and cause the whistle noise generation. 
Flow Velocity Fluctuation near Holes in Perforated Pipes
Next, we measured flow velocity fluctuation near holes of perforated pipes with the simulated sub-muffler shown in Fig. 1(c) . This muffler employs the same inner perforated pipe as in Sub-muffler A. Figure 5 shows noise characteristics for the simulated sub-muffler. As can be seen in Fig. 3(a) and Fig. 5 , the tendencies of whistle noise generation characteristics for Sub-muffler A and simulated sub-muffler are similar to each other. Therefore, the simulated sub-muffler can simulate whistle noise generation in Sub-muffler A. Figure 6 shows frequency characteristics of noise at the average flow velocity of U=61 m/s, which is the case that the whistle noise is the largest for the simulated sub-muffler. As shown in Fig. 6 , the largest peak of SPL exists at 5000 Hz, and other peaks of SPL exist at 10000 Hz and 15000 Hz. Figure 7 shows the power spectrum of flow velocity fluctuation near holes at 1 st row, 15 th row and the last row at U=61 m/s. As shown in Fig. 7 , the highest peak of flow velocity fluctuation near holes exists close to the frequency of whistle noise. This flow velocity fluctuation at a specific frequency suggests that there existed the feedback that the pressure wave is generated by collision of vortex separated at the upstream end of the hole to the downstream end of the hole and excites the shear layer at the upstream side of the hole. 
Effect of Outer Shell
Lastly, we consider the effect of outer shell on whistle noise generation. Figure 8 shows noise characteristics with the inner perforated pipe alone that is identical to the inner perforated pipe of Sub-muffler A and the simulated sub-muffler. As shown in Fig. 8 , SPL in high frequency range increases with increasing the flow velocity. The whistle noise appeared at higher flow velocity than 100 m/s but is not so clear without the outer shell as in the case with the outer shell shown in Figs. 3(a) and 5. Figure 9 shows noise characteristics from the main muffler with a part of outer shell opened. Although the whistle noise wasn't generated in this condition, SPL increases in the high frequency range with increasing the flow velocity, like the noise characteristics from the inner perforated pipe of sub-muffler shown in Fig. 8 . These results suggest that flow noise was generated when the flow passes through the hole in the perforated pipe. At these frequencies, the whistle noise was generated with the outer shell for Sub-muffler A, the simulated sub-muffler and the main muffler as shown in Figs. 3(a), 5 and 3(d) , respectively. Therefore, the outer shell enhances the whistle noise generation. The outer shell could also affect the flow passing through the holes. We measured the flow velocity fluctuation near holes of the inner perforated pipe without the outer shell. Figure 10 shows flow velocity fluctuation near hole in the last row of inner perforated pipe without the outer shell under the same condition with the simulated sub-muffler. We didn't detect the peak of flow velocity fluctuation at the frequency of whistle noise for the simulated sub-muffler. 
